Introduction {#sec1-1}
============

Because the majority of patients with diffuse brain injury are not suitable candidates for surgery, neuroprotective agents are of great importance\[[@ref1]\]. The numerous functions of apolipoprotein E include regulation of neuronal tubulin metabolism, neurotrophic support, repairing and regenerating nerve tissue, neuroimmunomodulation, and protection against oxidative and inflammatory stress. Apolipoprotein E exerts a neuroprotective effect against brain injury, but synthetic apolipoprotein E cannot cross the blood-brain barrier, thus limiting its application. It has been reported that apolipoprotein E (138--149) mimetic peptide can cross the blood-brain barrier in both normal and injured brain, and has robust neuroprotective effects in models of closed head injury, perinatal hypoxia-ischemia and subarachnoid hemorrhage\[[@ref2][@ref3][@ref4]\], and improves histological and functional outcomes. Apolipoprotein E mimetic peptides, derived from the receptor binding region (130--150) of apolipoprotein E, such as apolipoprotein E (138--149), retain the ability to bind apolipoprotein E cell surface receptors and have functional activity similar to the intact protein. In the current study, we used the small 12-residue apolipoprotein E mimetic peptide (apolipoprotein E-1410) in an effort to evaluate the protective effects and mechanisms of action of small apolipoprotein E mimetic peptides on diffuse brain injury.

Extracellular signal-regulated kinase 1/2 (ERK1/2), the key member of the mitogen-activated protein kinase family, is activated by a number of stimuli. In turn, activated ERK1/2 can phosphorylate downstream substrates, such as c-Raf-1, MEK, Elk-1 and c-Fos, which regulate a variety of genes and proteins involved in apoptosis, such as bcl-2, caspase-3 and FasL\[[@ref5][@ref6]\]. Increasing evidence suggests that ERK1/2 plays a harmful role in traumatic brain injury. For example, Clausen et al.\[[@ref7]\] proposed that traumatic brain injury-induced apoptosis-like cell death was mediated by oxygen free radical-dependent activation of ERK1/2, and that U0126 preconditioning may protect the brain against focal traumatic brain injury by down-regulating ERK1/2 phosphorylation in the cerebral cortex. Furthermore, it has been reported that reactive oxygen species can activate growth factor receptors, leading to Ras-Raf-ERK1/2 signal pathway activation\[[@ref8][@ref9]\]. Thus, the ERK1/2 signaling pathway is a promising target for novel therapeutic approaches in the treatment of brain injury.

Given the important role of reactive oxygen species and the ERK1/2 pathway in apoptosis after brain injury, and the robust anti-oxidative effects of apolipoprotein E mimetic peptides, we explored whether a comparatively small apolipoprotein E mimetic peptide could improve learning and memory function and protect neurons against traumatic brain injury-induced neuronal apoptosis in the hippocampal CA1 region by inhibiting the ERK1/2/Bax mitochondrial apoptotic pathway. We assessed the effects of low and high doses of apolipoprotein E mimetic peptide on diffuse brain injury by examining changes in ERK1/2 phosphorylation, Bax and cytochrome c expression, and malondialdehyde content and superoxide dismutase activity.

Results {#sec1-2}
=======

Quantitative analysis of animals {#sec2-1}
--------------------------------

A total of 173 Sprague-Dawley rats were divided into the following groups: sham (*n* = 28), trauma (*n* = 45), low-dose apolipoprotein E mimetic peptide (low-dose apolipoprotein E: *n* = 43) and high-dose apolipoprotein E mimetic peptide (high-dose apolipoprotein E: *n* = 41) groups. Intravenous injections of 0.6 mg/kg (low dose group) and 1.2 mg/kg of apolipoprotein E peptide (high dose group) or PBS (trauma group) *via* the tail vein were given before and after diffuse brain injury. There were 17, 15 and 13 deaths, respectively, in the trauma, and low- and high-dose apolipoprotein E groups during model establishment. A total of 128 rats were involved in the final analysis, with 28 rats in each group. At 1, 6 and 24 hours after injury, two rats were decapitated for histological and ultrastructural examination. At 6, 24 and 48 hours after injury, two rats were decapitated for immunohistochemistry, and five rats were used for malondialdehyde and superoxide dismutase assays and western blot analysis. At 72 hours after injury, five rats were given the radial arm maze test and subjected to neurological deficit assessment, and then decapitated for the TUNEL assay. To clearly evaluate the protective effect of apolipoprotein E, the assays were performed when changes were apparent after brain injury.

Physiological parameters {#sec2-2}
------------------------

There were no significant differences in arterial blood pressure, PaO~2~ or PaCO~2~ among the sham, trauma and low- and high-dose apolipoprotein E groups before and after brain injury (*P* \> 0.05; [Table 1](#T1){ref-type="table"}).

###### 

Physiological parameters 30 minutes before and after diffuse brain injury (*n* = 5)

![](NRR-9-463-g001)

Effects of apolipoprotein E mimetic peptide on brain tissue histology in rats with diffuse brain injury {#sec2-3}
-------------------------------------------------------------------------------------------------------

At 1 hour after injury, brain tissue showed spots of bleeding on the surface, with no obvious contusion. Under light microscopy, the parietal cortex exhibited extensive edema and vascular congestion. Subarachnoid cavity hemorrhage or yellowish staining was observed. In addition, shrunken cells with pyknotic nuclei, representing degenerating or necrotic neurons, were visible after trauma. Under the electron microscope, perturbed axonal arrangement, swollen and ruptured axons, degeneration of neurofilaments in axons, vacuolization, and infolding and stratification of the myelin sheath were clearly visible. In addition, edema of the capillaries and a substantial aggregation of organelles in swollen and degenerating neurons were observed. These observations are consistent with the pathological changes in Marmarou\'s traumatic brain injury model\[[@ref10]\], indicating that our diffuse brain injury model was successful ([Figure 1](#F1){ref-type="fig"}).

![Brain tissue histology in rats in the trauma group 1 hour after diffuse brain injury.\
(A) Hemorrhage (arrow) was noted in the subarachnoid cavity (hematoxylin-eosin staining, × 200). (B) Shrunken cells with pyknotic nuclei (arrow) were noted (hematoxylin-eosin staining, × 200). (C) Infolding and stratification of myelin sheath (arrow) were seen under the electron microscope (× 20,000). (D) Capillary walls were rough and the basement membrane was loose (arrow), as seen under the electron microscope (× 20,000).](NRR-9-463-g002){#F1}

The period up to 6 hours after injury was considered the acute phase of brain injury. As the result of direct violent impact, there were numerous necrotic nerve cells and ruptured axons, and apolipoprotein E had no impact on the synapse (data not shown). At 24 hours after injury, in the sham group, synaptic structure was intact with clearly visible pre-synaptic membranes, synaptic cleft and post-synaptic membranes. Large numbers of closely spaced spherical vesicles and intact mitochondria were seen in the pre-synaptic membrane. In the trauma group, the mitochondria lost their typical structure and giant mitochondria were visible. There were only a few synaptic vesicles with an indistinct structure and reduced content. In the apolipoprotein E peptide groups, the synaptic structures were comparatively more numerous, and a few indistinct synaptic vesicles were visible. Mitochondria were round with an indistinct structure ([Figure 2](#F2){ref-type="fig"}).

![Effects of apolipoprotein E mimetic peptide on synaptic structure in the cortex of rats with diffuse brain injury 24 hours after injury under the transmission electron microscope (uranyl acetate and lead citrate staining, × 20,000).\
(A) The synaptic cleft and the post-synaptic membrane were clearly visible in the sham group. (B) Synaptic vesicles decreased in number and the synaptic cleft was unclear in the trauma group. (C) Synaptic structure showed comparative integrity in the low-dose apolipoprotein E group. (D) Synaptic vesicles were more numerous in the high-dose apolipoprotein E group. Arrows show synaptic vesicles.](NRR-9-463-g003){#F2}

Apolipoprotein E mimetic peptide inhibited expression of phosphorylated ERK1/2 in the hippocampus of rats with diffuse brain injury {#sec2-4}
-----------------------------------------------------------------------------------------------------------------------------------

ERK1/2 phosphorylation, an indicator of ERK1/2 signal pathway activation, increased in the early phase after injury (within 24 hours)\[[@ref7]\]. Consequently, we examined the effects of apolipoprotein E mimetic peptide on ERK1/2 phosphorylation 6 and 24 hours after injury. Immunohistochemistry showed that ERK1/2 phosphorylation localized in the nuclei and was mainly distributed in the hippocampal CA1 and CA2 regions, although some labeling was visible in the CA3 and dentate gyrus. Western blot analysis revealed that treatment with apolipoprotein E mimetic peptide significantly decreased ERK1/2 phosphorylation 6 and 24 hours after injury in a dose-dependent manner ([Figure 3](#F3){ref-type="fig"}). ERK1/2 activation was not significant at 48 hours (data not shown).

![Effects of apolipoprotein E (ApoE) mimetic peptide on extracellular signal-regulated kinase 1/2 (ERK1/2) activation in the hippocampus of rats with diffuse brain injury.\
Immunohistochemical staining showed ERK1/2 phosphorylation in neurons in the trauma group (A), low-dose ApoE mimetic peptide group (B) and high-dose ApoE mimetic peptide group (C) at 24 hours after injury (× 200). A few yellow-stained neurons positive for ERK1/2 phosphoryla-tion are visible in the hippocampus in the trauma group, and these neurons are fewer in the low- (low ApoE) and high-dose ApoE mimetic peptide groups (high ApoE). Arrows point to neurons positive for phosphorylated ERK1/2. (D) Phosphorylated ERK1/2 levels were examined by western blot analysis. (E) Bands corresponding to phosphorylated ERK1/2 were scanned and the intensities were normalized to β-actin. Data are expressed as mean ± SD from five rats in each group. Differences between groups were compared with one-way analysis of variance and Student-New-man-Keuls test. ^a^*P* \< 0.05, *vs.* sham group; ^b^*P* \< 0.05, *vs.* trauma group; ^c^*P* \< 0.05, *vs.* low ApoE group. h: Hours.](NRR-9-463-g004){#F3}

Apolipoprotein E mimetic peptide inhibited Bax expression in the hippocampus of rats with diffuse brain injury {#sec2-5}
--------------------------------------------------------------------------------------------------------------

Our previous studies indicate that the ERK1/2 signaling pathway plays an important role in neuronal apoptosis by regulating Bax expression\[[@ref11]\]. Furthermore, ERK1/2 inhibition attenuates the apoptotic signaling pathway by decreasing Bax protein levels following brain injury\[[@ref12]\]. Raghupathi et al.\[[@ref13]\] showed that traumatic brain injury induces an increase in Bax expression at 6 hours. Our previous studies indicate that Bax expression increases after injury and peaks at 48 hours\[[@ref10]\]. Thus, we examined whether apolipoprotein E peptide could attenuate the increase in Bax levels following injury.

Immunohistochemistry showed Bax immunoreactivity was localized in the cytosol, and was mainly distributed in the hippocampal CA1 and CA2 regions. Western blot analysis showed that apolipoprotein E peptide significantly decreased Bax expression 24 and 48 hours after injury in a dose-dependent manner ([Figure 4](#F4){ref-type="fig"}). Bax expression showed no apparent change 6 hours after injury (data not shown).

![Effects of apolipoprotein E (ApoE) peptide on Bax expression in the hippocampus of rats with diffuse brain injury.\
Immunohistochemical staining showing Bax-positive neurons in the trauma group (A), low-dose ApoE peptide group (low ApoE; B) and high-dose ApoE peptide group (high ApoE; C) 48 hours after injury (× 200). Yellow-stained Bax-positive neurons are visible in the hippocampus in the trauma group, and these neurons are fewer in the low and high ApoE groups. Arrows point to Bax-positive neurons. (D) Bax expression was exam-ined by western blot analysis. (E) Bands corresponding to Bax were scanned and the intensities were normalized to β-actin. Data are expressed as mean ± SD from five rats in each group. Differences between groups were compared with one-way analysis of variance and Student-Newman-Keuls test. ^a^*P* \< 0.05, *vs.* sham group; ^b^*P* \< 0.05, *vs.* trauma group; ^c^*P* \< 0.05, *vs.* low ApoE group. h: Hours.](NRR-9-463-g005){#F4}

Apolipoprotein E mimetic peptide inhibited cytochrome c expression in the hippocampus of rats with diffuse brain injury {#sec2-6}
-----------------------------------------------------------------------------------------------------------------------

The release of cytochrome c into the cytoplasm is a characteristic feature of mitochondrial apoptotic pathway activation. Previous studies indicate that cytochrome c is released from mitochondria into the cytosol following brain injury, with cytosolic levels increasing from 3 hours to 3 days after the trauma\[[@ref14][@ref15]\]. Thus, we examined the effects of apolipoprotein E peptide on cytochrome c levels 24 and 48 hours after injury.

Immunohistochemistry showed cytochrome c immunoreactivity was situated in the cytosol, and was mainly distributed in the hippocampal CA1 and CA2 regions. Western blot analysis showed that, compared with the sham group, cytochrome c levels increased in the trauma group. Treatment with apolipoprotein E peptide significantly decreased cytochrome c levels in a dose-dependent manner in the apolipoprotein E peptide groups ([Figure 5](#F5){ref-type="fig"}). Cytochrome c levels were not significantly changed 6 hours after injury (data not shown).

![Effects of apolipoprotein E (ApoE) peptide on cytochrome c levels in the hippocampus of rats with diffuse brain injury.\
Immunohistochemical staining showing cytochrome c-positive neurons in the trauma group (A), low-dose ApoE peptide group (low ApoE; B) and high-dose ApoE peptide group (high ApoE; C) 48 hours after injury (× 200). Yellow-stained cytochrome c-positive neurons are visible in the hip-pocampus in the trauma group, and these neurons are fewer in the low and high ApoE groups. Arrows point to cytochrome c-positive neurons. (D) Cytochrome c levels were examined by western blot analysis. (E) Bands corresponding to cytochrome c were scanned and the intensities were nor-malized to β-actin. Data are expressed as mean ± SD from five rats in each group. Differences between groups were compared with one-way analy-sis of variance and Student-Newman-Keuls test. ^a^*P* \< 0.05, *vs.* sham group; ^b^*P* \< 0.05, *vs.* trauma group; ^c^*P* \< 0.05, *vs.* low ApoE group. h: Hours.](NRR-9-463-g006){#F5}

Apolipoprotein E mimetic peptide inhibited apoptosis in the hippocampus of rats with diffuse brain injury {#sec2-7}
---------------------------------------------------------------------------------------------------------

Some apoptotic neurons showed a characteristic appearance, such as shrunken, condensed nuclei and apoptotic bodies. However, others had lightly stained and swollen nuclei. We excluded these cells from the analysis of TUNEL-positive cells because they may be undergoing necrosis. We found that TUNEL-positive cells were mainly distributed in the hippocampal CA1 and CA2, with a few cells in the CA3 and dentate gyrus, similar to the distribution of ERK1/2 phosphorylation and Bax ([Figure 6](#F6){ref-type="fig"}).

![TUNEL staining of the hippocampus 3 days after diffuse brain injury.\
TUNEL staining showing apoptotic neurons in the trauma group (A), and in the low- (B) and high-dose (C) apolipoprotein E groups 72 hours after injury (× 200). Apoptotic neurons are visible in the hippocampus in the trauma group, and are fewer in the low- and high-dose apolipoprotein E groups. Arrows point to apoptotic neurons.](NRR-9-463-g007){#F6}

To further investigate whether apolipoprotein E mimetic peptide provides neuroprotection against brain injury-induced apoptosis, we examined the effects of the peptide on the number of apoptotic cells 3 days after injury. Compared with the trauma group, apolipoprotein E mimetic peptide significantly decreased the number of TUNEL-positive cells in a dose-dependent manner.

Effects of apolipoprotein E mimetic peptide on malondialdehyde content and superoxide dismutase activity in the hippocampus of rats with diffuse brain injury {#sec2-8}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

Previous studies indicate that reactive oxygen species can activate growth factor receptors that induce Ras-Raf and ERK1/2 signal pathway activation after brain injury\[[@ref16]\]. To further investigate how apolipoprotein E mimetic peptide inhibits brain injury-induced ERK1/2 activation, we examined the effects of the peptide on malondialdehyde content (an indicator of reactive oxygen species levels) and superoxide dismutase activity 6 and 24 hours following diffuse brain injury. Compared with the sham group, malondialdehyde content increased and superoxide dismutase activity decreased in the trauma group. Apolipoprotein E mimetic peptide significantly decreased malondialdehyde content and increased superoxide dismutase activity in a dose-dependent manner in the apolipoprotein E mimetic peptide groups ([Table 2](#T2){ref-type="table"}).

###### 

Quantitative analysis of the effects of apolipoprotein E peptide on diffuse brain injury-induced neuronal apoptosis, malondialdehyde content and superoxide dismutase activity

![](NRR-9-463-g008)

Neuroprotective effects of apolipoprotein E mimetic peptide on memory impairment and neurological deficit in rats with diffuse brain injury {#sec2-9}
-------------------------------------------------------------------------------------------------------------------------------------------

The reference memory and working memory errors 72 hours after injury are shown in [Table 3](#T3){ref-type="table"}. Compared with the sham group, reference memory errors and working memory errors were increased in the trauma group. Apolipoprotein E mimetic peptide significantly improved memory function and decreased the number of errors compared with the trauma group. Compared with the sham group, neurological deficit scores were increased in the trauma group. Neurological function was substantially improved and neurological deficit scores were reduced in the apolipoprotein E peptide mimetic group compared with the trauma group.

###### 

Quantitative analysis of the protective effects of apolipoprotein E (ApoE) peptide against memory impairment and neurological deficits in rats with diffuse brain injury

![](NRR-9-463-g009)

Discussion {#sec1-3}
==========

Previous studies show that endogenous apolipoprotein E, acting as a neurotrophic factor, stabilizes the microenvironment of nerve cells and promotes nerve repair following injury\[[@ref17][@ref18]\]. The present study, indicates that apolipoprotein E mimetic peptide suppresses the ERK1/2 pathway and improves learning and memory function after diffuse brain injury.

Mitogen-activated protein kinase is a central signaling factor connecting extracellular signals, membrane receptors, transcription factors and gene expression. Family members include ERK1/2, C-Jun JNK and p38 MAPK. Previous studies indicate that ERK1/2 can be activated by cerebral injury and that regulation of ERK1/2 activation effects behavioral outcome in brain-injured animals\[[@ref19][@ref20]\]. In this study, apolipoprotein E mimetic peptide improved learning and memory abilities and reduced synaptic structural damage in a dose-dependent manner, and down-regulated ERK1/2 activation. This illustrates that apolipoprotein E mimetic peptide may improve learning and memory abilities by regulating ERK1/2 activity. It has been reported that ERK1/2 impacts long-term potentiation and learning and memory function by regulating the transcription of various factors and cytokines\[[@ref21]\].

Growing evidence indicates that ERK1/2 is a key mediator of mitochondrial apoptosis. For example, Alessandrini et al.\[[@ref22][@ref23]\] demonstrated that ERK1/2 phosphorylation and cytochrome c levels increased after cerebral ischemia-reperfusion, and that ERK1/2 phosphorylation and cytochrome c colocalized in nerve cells. Clausen et al.\[[@ref7]\] observed that inhibition of ERK1/2 activation, using the ERK1/2 inhibitor U0126, decreased caspase-3 expression and the apoptotic rate following closed brain injury. Moreover, some researchers have suggested that ERK1/2 mediates apoptosis through the mitochondrial apoptotic pathway by regulating Bcl-2 family members\[[@ref24][@ref25]\]. The Bcl-2 family comprises proapoptotic and anti-apoptotic proteins; some proteins within this family, such as Bcl-2 and Bcl-XL, enhance cell survival after ischemia by maintaining mitochondrial membrane integrity, whereas others, including Bad, Bax and Bid, promote ischemic cell death by releasing apoptogenic factors such as cytochrome c. It is known that the translocation of Bax plays an important role in mitochondrial apoptosis. In our previous study, inhibition of ERK1/2 activation using the ERK1/2 inhibitor U0126 decreased Bax and cytochrome c levels in a model of severe traumatic brain injury\[[@ref11]\]. ERK1/2 activation increases the translocation of Bax to mitochondria, leading to cell death. ERK1/2 activation causes an increase in p53 activity, which in turn increases Bax levels. Moreover, ERK1/2 activation can activate calpain, a calcium-dependent cysteine protease which cleaves Bcl-XL. This leads to dissociation of Bcl-XL from Bax, resulting in an increase in free Bax\[[@ref26][@ref27]\]. Our immunohistochemistry data show that the distribution of phosphorylated ERK1/2 and cytochrome c were mostly within TUNEL-positive cells, most of which were distributed in the hippocampal CA1 and CA2 regions. Furthermore, we found that apolipoprotein E mimetic peptide reduced ERK1/2 activation and Bax levels, and lowered cytochrome c levels and the number of TUNEL-positive cells in a dose-dependent manner. Taken together, our findings suggest that apolipoprotein E mimetic peptide protects against diffuse brain injury-induced neuronal apoptosis by inhibiting the ERK1/2-Bax mitochondrial apoptotic pathway.

Apolipoprotein E (138--149) mimetic peptide protects neurons from excitotoxic injury, inflammation and oxidative stress in different types of brain injury models\[[@ref2][@ref3][@ref28]\]. Our malondialdehyde and superoxide dismutase findings suggest that apolipoprotein E mimetic peptide reduces oxidative stress and increased antioxidant capacity. The antioxidative effects of apolipoprotein E holoprotein and apolipoprotein E peptide have been demonstrated in a focal cerebral ischemia/reperfusion injury model\[[@ref29][@ref30]\]. Recent studies show that reactive oxygen species can activate the Raf-ERK1/2 signaling pathway and suppress oxidative stress, and that regulating the activation of the MAP kinase signaling pathway can effectively protect neurons against ischemic damage. For example, Noshita et al.\[[@ref31]\] observed that over-expressed superoxide dismutase decreased phosphorylated ERK1/2 levels and reduces death of nerve cells in a focal cerebral ischemia model. Clausen et al.\[[@ref7]\] reported that reducing reactive oxygen species levels decreases phosphorylated ERK1/2 levels and the death of nerve cells in a closed traumatic brain injury model. In our previous study, edaravone suppressed ERK1/2 pathway activation and improved outcome after severe traumatic brain injury in rats, and the effects of edaravone on ERK1/2 activation depended on the dosage of the drug\[[@ref32][@ref33]\]. Taken together, our findings suggest that apolipoprotein E mimetic peptide suppresses ERK1/2 activation and reduces neuronal death in diffuse brain injury by reducing oxidative stress.

In summary, apolipoprotein E-derived therapeutic peptide improved synaptic stability and improved learning and memory performance after diffuse brain injury. Furthermore, apolipoprotein E mimetic peptide protected against brain injury by reducing oxidative stress, thereby suppressing the ERK1/2-Bax mitochondrial apoptotic pathway and decreasing neuronal death. These findings suggest that apolipoprotein E and its mimetic peptides have substantial therapeutic potential in the treatment of central nervous system diseases.

Materials and Methods {#sec1-4}
=====================

Design {#sec2-10}
------

A randomized controlled animal experiment.

Time and setting {#sec2-11}
----------------

This experiment was conducted at the Experimental Center of the Affiliated Hospital of Hebei United University, China from March 2011 to July 2012.

Materials {#sec2-12}
---------

### Animals {#sec3-1}

Sprague-Dawley male rats, weighing 270 ± 30 g, were provided by Beijing Experimental Animal Center, Chinese Academy of Science (Beijing, China; license No. SCXK (Beijing) 2002-003). Rats were given free access to food and water before surgery. Temperature of the laboratory was 22--26°C and the relative humidity was 40--70%. Protocols were approved by the Animal Use and Care Advisory Committee of Health Science Center of Hebei University, China.

### Drugs {#sec3-2}

Apolipoprotein E mimetic peptide 1410 (Cetyl-AS-Aib-LRKL-Aib-KRLL-amide) is derived from apolipoprotein E residues 138--149 with Aib (aminoisobutyric acid) substitutions at positions 104 and 145\[[@ref28]\]. It was synthesized by the University of North Carolina (Chapel Hill, NC, USA), with a purity of 95%.

Methods {#sec2-13}
-------

### Induction of diffuse brain injury {#sec3-3}

Closed diffuse brain injury was induced according to Marmarou\'s method as previously described\[[@ref10]\]. In brief, the animal was anesthetized with diethyl ether for 70--150 seconds and positioned in a stereotactic device (Zhenghua Science and Technology Co., Ltd., Huaibei, Anhui Province, China), the scalp was incised and the skull exposed. A concave 3-mm metallic disc was glued to the skull immediately caudal to the bregma. A 2.0-mm diameter pneumatic impactor (Lu Da Technology Co., Ltd., Beijing, China) was used to deliver a single midline impact to the disc surface. The impactor was discharged at 6.8 ± 0.2 m/second with a head displacement of 3 mm. After impact, the animals were allowed to recover spontaneous ventilation, and the tracheas were extubated. Following recovery, rats were allowed free access to food and water. At 30 minutes before and 30 minutes after brain injury, arterial blood pressure was monitored in the awake state with the tail-measured volume method using an RBP-II-type blood pressure and heart rate measuring instrument (Huaibei Zhenghua Science and Technology Co., Ltd.). Before measuring, the rat was placed in a greenhouse at 37--38°C for 10 minutes, and after the tail arteries were dilated, the tail was set on the pressure-sensitive sensor. After repeatedly pinching the mercury manometer to inflate the balloon until the pulse disappeared, it was slowly deflated. When the normal sound was heard, the blood pressure scale indicated systolic blood pressure. Blood pressure was continuously measured three times, and the average value was noted. 30 minutes before and after the injury, 0.5 mL blood was extracted from the femoral artery to analyze blood gas using a GEM3000 automatic blood gas analyzer (America Experimental Instrument Co., Ltd, Boston, MA, USA).

### Drug administration {#sec3-4}

Low-dose (0.6 mg/kg) or high-dose (1.2 mg/kg) apolipoprotein E mimetic peptide was dissolved in PBS. Drug infusion was performed by intravenous injections from the tail vein using a micro-injector (Xinhua Medical Instrument Co., Ltd., Shangdong Province, China) as previously described\[[@ref28][@ref34]\]. Intravenous injections of apolipoprotein E mimetic peptide or PBS were given 30 minutes before injury, and continued over 3 days at 12-hour intervals.

### Tissue preparation {#sec3-5}

Rats were decapitated under anesthesia and brain tissues were separated and fixed with 4% paraformaldehyde solution and embedded in paraffin. Paraffin-embedded brain tissues were cut into 5-µm coronal sections using a microtome. These brain tissues were prepared for histology, immunohistochemistry and TUNEL detection. For ultrastructure detection, rats were decapitated under anesthesia and the frontal cortex was separated and fixed with a mordant solution of 0.1 mol/L phosphate buffer, 4% paraformaldehyde and 10% tannic acid.

For malondialdehyde and superoxide dismutase detection and western blot analysis, rats were decapitated under anesthesia and the hippocampal region was separated and rapidly frozen in liquid nitrogen. The frozen hippocampal tissue samples were homogenized in 1:10 (w/v) ice-cold homogenization buffer A containing 10 mmol/L HEPES, pH 7.9, 0.5 mmol/L MgCl~2~, 10 mmol/L KCl, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 50 mmol/L NaF, 5 mmol/L dithiothreitol, 10 mmol/L β-glycerophosphate, 1 mmol/L sodium orthovanadate, 1% NP-40 and enzyme inhibitors (1 mmol/L benzamidine, p-nitrodomains phenyl phosphate, phenylmethylsulfonyl fluoride, and 5 µg/mL each of aprotinin, leupeptin and pepstatin A) and then centrifuged at 1,000 × *g* for 15 minutes at 4°C. Supernatants containing the cytosolic fraction were collected and protein concentrations were determined.

### Histological evaluation {#sec3-6}

The 5-µm coronal sections were deparaffinized with xylene and rehydrated using an ethanol gradient (100--70% v/v), followed by washing with water. Sections were stained with hematoxylin-eosin, and examined with light microscopy (Olympus, Tokyo, Japan).

Cortical tissues were cut into sections (1 mm × 1 mm × 1 mm), fixed with 4% glutaraldehyde, and then washed twice with 0.1 mol/L cacodylic acid buffer solution, fixed with 1% osmium tetroxide, and washed. Afterwards, these tissue sections were dehydrated using acetone, step by step, saturated with epoxy resin, embedded, cut into ultrathin slices, stained with uranyl acetate and lead citrate, and then observed under a transmission electron microscope (H-7650 Hitachi; Days-US Science and Technology Co., Ltd., Beijing, China).

### Immunohistochemical analysis {#sec3-7}

After incubation in 5% normal goat serum, 5-µm coronal sections were incubated with rat-anti-rat phosphorylated ERK1/2 or rat-anti-rat Bax or rat-anti-rat cytochrome c antibody (1:200; Jinqiao Biological Technology Co., Ltd., Beijing, China) overnight at 4°C. An equivalent of PBS was used in place of primary antibody for the negative controls. Subsequently, the sections were incubated in biotinylated secondary antibody (1:500; Jinqiao Biological Technology Co. Ltd) for 90 minutes at room temperature, followed by incubation in avidin-biotin complex for 90 minutes. Finally, the sections were developed with 3,3′-diaminobenzidine, and nuclei were counterstained with hematoxylin. Brown-stained positive cells were observed with an optical microscope (Olympus).

### Western blot analysis {#sec3-8}

Samples were separated by 10% or 7.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrotransferred onto nitrocellulose membranes. After blocking with 3% bovine serum albumin for 3 hours, membranes were probed with primary antibodies at 4°C overnight. The primary antibodies were monoclonal mouse anti-rat phosphorylated ERK1/2 (1:1,000; Cell Signaling Biotechnology, Danvers, MA, USA), rabbit polyclonal anti-Bax (1:1,000; Cell Signaling Biotechnology), rabbit polyclonal anti-cytochrome c (1:1,000; Cell Signaling Biotechnology) and rabbit polyclonal anti-β-actin (1:1,000; Cell Signaling Biotechnology). The secondary antibodies were alkaline phosphatase-conjugated goat anti-rat IgG (1:10,000; Sigma, St. Louis, MO, USA) and goat anti-rabbit IgG (1:10,000; Sigma), which were incubated with the blots for 2 hours at room temperature. Immunoreactivity was detected with an NBT/BCIP assay kit (Sigma) according to the manufacturer\'s instructions. Membranes were scanned and analyzed with an image analyzer (LabWorks Software; UVP Inc, Upland, CA, USA).

### TUNEL staining {#sec3-9}

TUNEL staining was performed using an ApopTag Peroxidase In Situ Apoptosis Detection Kit (Jinqiao Biological Technology Co. Ltd) according to the manufacturer\'s protocol with minor modifications. The 5-µm coronal sections were treated with protease K at 20 µg/mL for 15 minutes at room temperature and then incubated with reaction buffer containing TdT enzyme at 37°C for 1 hour. After washing with stop/wash buffer, sections were treated with anti-digoxigenin conjugate for 30 minutes at room temperature and subsequently incubated with peroxidase substrate for color development. The nuclei were lightly counterstained with BCIP/NBT. The number of TUNEL-positive pyramidal cells in the hippocampal CA1 region was counted\[[@ref35]\]. Briefly, four sections from each specimen were harvested and each section was divided into three equal parts, and four fields were examined for each part. TUNEL-positive nerve cells were counted in each field (200 × magnification) by optical microscopy, and the average number of positive cells under each field was recorded.

### Malondialdehyde and superoxide dismutase detection {#sec3-10}

The frozen hippocampal tissue samples were homogenized and centrifuged at 800 × *g* for 15 minutes at 4°C. Malondialdehyde content and superoxide dismutase activities were measured with the corresponding kit (Nanjing Jiancheng Biological Engineering Institute, Nanjing, Jiangsu Province, China). Malondialdehyde, a lipid peroxide degradation product, undergoes condensation with thiobarbituric acid to form a red product with a maximum absorbance peak at 532 nm, which can be quantified with a spectrophotometer.

Superoxide dismutase activity was detected using the xanthine oxidase method. The anion free radical produced by the xanthine oxidase-superoxide dismutase system reduced nitrites, leading to the formation of hydroxylamine. The absorbance value of the detected tube was lower than the absorbance value of the control tube, and the activity of superoxide dismutase was calculated. Definition of unit: when 1 mg tissue protein was incubated in 1 mL reaction solution, and the rate of superoxide dismutase inhibition was 50%, the amount of the corresponding superoxide dismutase is a superoxide dismutase unit.

### Neurological function assessment {#sec3-11}

Spatial memory was measured with the radial arm maze apparatus. Briefly, the radial maze was made of gray polyvinylchloride and consisted of eight arms (length: 32 cm; width: 8 cm; height: 19 cm) extending radially from an octagonal central area (20 cm across). Rats were trained in the radial maze for 2 consecutive days with two trials per day. Each rat was placed in the centre of the maze with all arm entries closed. After 10 seconds, the doors were opened and the rat was permitted to enter any of the eight arms. Only three of the eight arms contained water. The rationale for using three instead of four baited arms was to increase the sensitivity of the task in measuring reference memory errors by decreasing the probability that a correct choice was made by chance. The three arms containing water were randomly determined for each rat and were unchanged over the 2-day learning period before injury. A trial was terminated after either all baits were consumed or after 10 minutes, whichever occurred first. A previous study show that basic mental state and neurological function in rats recovered to a greater extent 72 hours after injury. Consequently, in this study, memory function was assessed at 72 hours, as previously described\[[@ref36]\]. An experimenter who was blinded to experimental groups scored each rat for (1) reference memory error: entering an arm which was never baited; and (2) working memory error: re-entering an arm already visited.

Neurological deficit scores were evaluated using an 18-point scale, as previously described\[[@ref37]\]. The neurobehavioral scale consisted of the following six tests: (1) spontaneous activity (0 to 3 points); (2) symmetry in the movement of four limbs (0 to 3 points); (3) forepaw outstretching (0 to 3 points); (4) climbing (1 to 3 points); (5) body proprioception (1 to 3 points); and (6) response to vibrissae touch (1 to 3 points). The score for each rat at the completion of the evaluation was the summation of all six individual test scores. Three is the minimum neurological score and eighteen is the score for normal animals.

### Statistical analysis {#sec3-12}

Measurement data were expressed as mean ± SD and were analyzed using SPSS 17.0 software (SPSS, Chicago, IL, USA). Differences between groups were compared with one-way analysis of variance and Student-Newman-Keuls test. *P* values less than 0.05 were considered significant.
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